Systems genetics is a novel approach for identifying the complex genetic architecture of quantitative traits and geneenvironment interactions via detection of connections from genetic variation through intermediate phenotypes to overlying systems level phenotypes. This symposium, conducted at the Experimental Biology 2010 conference, aimed at educating nutrition researchers about the use of systems genetics as a tool for linking genetic variation to nutrient metabolism and energy balance and their overlying effects on health and disease. Basic concepts of systems genetics and the analytical framework used in these studies were presented. Further, the utility of genetic reference populations for gene-environment interaction studies along with specific studies addressing genetic variation in responsiveness to nutrients were discussed. J. Nutr. 141: 512-514, 2011. 
The systems genetics approach Systems genetics is a novel population-based approach for identifying the genetic architecture of complex (quantitative) traits and gene-environment interactions with emphasis on gene networks (1) . This approach differs from the traditional "reductionist" approach relying on discovery of individual genes associated with a trait of interest, using primarily single gene targeting methods (transgenics and knockouts). Additional valuable genetics information about human diseases is provided by recent genome-wide association studies in humans, which have identified numerous gene polymorphisms associated with quantitative traits such as body weight (2) . This approach, however, has certain limitations. First, most traits of interest only account for a fraction of the phenotypic variability. Second, it is difficult to explain why the disease susceptibility of some individuals changes by environment. For example, not all individuals exposed to a high-fat (HF) 6 diet become obese (3, 4) and not all obese individuals develop comorbidities such as type 2 diabetes (5). It is plausible that the heterogeneity of phenotypic responses to environmental changes is dependent upon genetic variability (6); hence, phenotypic variation is the result of interactions between numerous environmentally sensitive genes. Thus, it is apparent that the traditional linear approach of identifying single genes linked to a trait is insufficient to dissect out such combinations and interactions among genes underlying a complex trait. Systems genetics is an approach that offers the means to fill such knowledge gaps by revealing connections from genetic variation through intermediate phenotypes, such as gene coexpression networks and biochemical markers, to overlying systems level phenotypes (Fig. 1) . As depicted in the figure, system phenotypes such as obesity are the result of genetic and environmental factors and gene-environment interactions. Using the systems genetics approach, biologically meaningful complex gene networks can be identified using associations between DNA sequence variation and intermediate phenotypes such as transcript abundance, proteomics, and metabolomics. This analysis paradigm is akin to multifactorial experimentation in which combinations of natural allelic variants simultaneously manipulate multiple parts of the system. The parts of the system that work together at every biological level, e.g. molecular, biochemical, endocrine, to drive phenotypic variation can be extracted using correlation-based analysis tools that essentially recognize the patterns within the complex system. When combined with genotype data, pathways from genetic variants through disease-relevant endpoints are uncovered in a discoverybased mode.
Resources for systems genetics research Two main resources are required for systems genetics research. First, a model organism resource comprising a collection of related genetically defined individuals are required. The primary resources currently available to study genetic variability include the Mouse Phenome Database panels of standard inbred mouse stains such as C57BL/ 6J, 129S, C3H, etc. (7, 8) ; these strains exhibit various polymorphic differences across the genome and 1 Published as a supplement to The Journal of Nutrition. Presented as part of the symposium entitled "Systems Genetics in Nutrition Research" given at the Experimental Biology 2010 meeting, April 27, 2010, in Anaheim, CA. The symposium was supported by an educational grant from USDA-NIFA, AFRI Award, and sponsored by the Nutrient Gene Interaction RIS and the University of Tennessee Obesity Research Center. The symposium was chaired by Naima Mousstaid-Moussa and cochaired by Brynn Voy. Guest Editor for this symposium publication was Kevin Schalinske. Guest Editor disclosure: Kevin Schalinske had no relationships to disclose. 2 Author disclosures: N. S. Kalupahana and N. Moustaid-Moussa, no conflicts of interest. * To whom correspondence should be addressed. E-mail: moustaid@utk.edu. differ in susceptibility to a variety of diseases. The recombinant inbred (RI) strains of mice are, however, the best available resources to model genetic variability. These RI are generated by intercrossing 2 or more inbred strains and the subsequent inbreeding of the second filial generation progeny for 20 or more generations. Examples for these are BXD (9) and the collaborative cross (10, 11) . Second, powerful computational, statistical, and bioinformatic resources are needed, including classical quantitative trait loci analyses data and methods to handle and integrate a large volume of data characteristic of systems genetics studies. Unlike in second filial generation mice, researchers do not have to perform quantitative trait loci analyses in RI strains, because many of these are genotyped and are publicly available [e.g. Gene Network (12)].
Applications for systems genetics in nutrition research
There are numerous potential applications of systems genetics to nutrition and obesity research. Because metabolic pathways are well defined, nutrient intake is easily manipulated to model variation in human populations, and many relevant traits (e.g. body composition, bone density, serum nutrient levels) can be measured noninvasively and with high throughput; coupled with microarrays, metabolomics, and other phenotyping tools, the ability to produce a holistic picture of how genetics and diet interact in a population is not in question (Fig. 1) . For example, Shockley et al. (13) studied the hepatic gene expression and whole-animal phenotype of 10 inbred strains of mice subjected to a HF and low-fat diet. While there were similar gene expression profiles within the same strain and sex in the low-fatfed mice, there was a considerable variability of the response in the HF-fed mice. Data mining of the same set of data by Voy et al. (14) , using genes highly correlated with the variability of cholesterol across strains, revealed gene networks linked to dysregulation of inflammation, immunity, and response to xenobiotic agents.
Objectives of the symposium
The objective of this symposium was to educate nutrition researchers about the use of systems genetics as a tool for linking genetic variation to nutrient metabolism and energy balance and their overlying effects on health and disease. Speakers at this symposium were experts in the nutrition, physical activity, obesity, and genetics fields. The systems genetics approach is extensible to any nutrition-related area or any organism of interest ranging from invertebrates to humans; thus, the venue for this symposium had a broad impact and attracted a significant cross-disciplinary audience. Moreover, very few conferences have addressed the effects of genetic/individual variation on biological responses to nutrients or the available novel animal models and cutting-edge resources for nutritional genetics and genomics research.
Basic concepts of systems genetics, the utility of genetic reference populations for gene-environment interaction studies, and the general analytical framework used in systems genetics studies were discussed. At this symposium, Brynn H. Voy (15) provided an overview of system genetics approaches and available resources that allow comprehensive and integrative studies of nutrient-gene interactions and physiological basis for diet and disease, with emphasis on genetic regulation of immune phenotypes. James Fleet (16, 17) further expanded on potential applications of systems genetics to study bone health and mineral metabolism using some of the same animal resources described by Brynn Voy. Timothy Lightfoot (18, 19) specifically addressed how, just like nutrition, physical activity/sedentary behavior can be genetically determined and how this can be studied using genetic models. Finally, Steven Zeisel (20, 21) reviewed studies addressing genetic variation in responsiveness to nutrients, with specific emphasis on choline metabolism and DNA methylation. 
